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It is now increasingly clear that the cerebellum may modulate brain functions altered in 
drug addiction. We previously demonstrated that cocaine-induced conditioned preference 
increased activity at the dorsal posterior cerebellar vermis. Unexpectedly, a neurotoxic 
lesion at this region increased the probability of cocaine-induced conditioned preference 
acquisition. The present research aimed at providing an explanatory model for such as 
facilitative effect of the cerebellar lesion. First, we addressed a tracing study in which we 
found a direct projection from the lateral (dentate) nucleus to the VTA that also receives 
Purkinje axons from lobule VIII in the vermis. This pathway might control the activity 
and plasticity of the cortico-striatal circuitry. Then, we evaluated cFos expression in 
different regions of the medial prefrontal cortex and striatum after a lesion in lobule VIII 
before conditioning. Additionally, perineuronal net (PNN) expression was assessed to 
explore whether the cerebellar lesion might affect synaptic stabilization mechanisms in 
the medial prefrontal cortex (mPFC). Damage in this region of the vermis induced general 
disinhibition of the mPFC and striatal subdivisions that receive dopaminergic projections, 
mainly from the ventral tegmental area (VTA). Moreover, cerebellar impairment induced 
an upregulation of PNN expression in the mPFC. The major finding of this research was 
to provide an explanatory model for the function of the posterior cerebellar vermis on 
drug-related memory. In this model, damage of the posterior vermis would release 
striatum-cortical networks from the inhibitory tonic control exerted by the cerebellar 
cortex over VTA, thereby promoting drug effects. 




For decades, the cerebellum’s role has been viewed to be restricted only to motor 
functions. However, numerous investigations in the last decades have described the 
involvement of the cerebellum in non-motor functions including language, spatial and 
emotional processing, reward, working memory, and executive functions (1-9). 
Anatomical and functional studies in rodents and non-human primates have shown 
extensive pathways that connect the cerebellum to the prefrontal cortex, striatum, 
amygdala, thalamus, hippocampus, and basal ganglia (10-21). More recently, two 
findings pointed to a direct control of the cerebellum over the VTA (9, 22). All these 
results suggest that the cerebellum is part of cortical-striatal-limbic loops and may 
modulate brain functions that might be altered in drug addiction (23-25). 
Indeed, the cerebellum plays an important role in the consolidation of non-motor 
Pavlovian memory and in the establishment of automatic behavioral protocols (4, 26). 
Moreover, neuroimaging studies of drug-induced cue reactivity in drug addicts described 
cerebellar activation after the presentation of drug-related cues (27-32). In a mice model 
of cocaine-induced conditioned preference, we showed that only those animals that 
developed preference for cocaine-related cues exhibited increased activity at the apical 
region of the cerebellar vermis (33-35). Although this effect was found throughout the 
cerebellar cortex, only activity in lobule VIII was significantly correlated with the level 
of preference towards cocaine-related cues (34). Furthermore, cocaine-induced 
conditioned preference also increased the expression of PNNs surrounding Golgi 
inhibitory interneurons located in the same region of the vermis (35), suggesting that 
drug-induced Pavlovian memory encouraged one of the main mechanisms for synaptic 
stabilization (36). On that basis, it could be expected a neurotoxic lesion localized in 
lobule VIII may prevent the acquisition of cocaine-induced conditioned preference. On 
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the contrary, the cerebellar lesion dramatically raised by up to 100 the percentage of rats 
that acquired cocaine-induced conditioned preference (37). The same effect was observed 
after a reversible deactivation of the infralimbic (IL) cortex (37). Moreover, simultaneous 
IL-cerebellar deactivation prevented the effect of either of the separate manipulations 
(37). These results were in agreement with findings reporting that the IL cortex is required 
for the suppression of cocaine-seeking response and expression of extinction memory 
(38, 39). Overall, our findings suggested that both the cerebellum and IL cortex might act 
together in regulating the establishment of drug-cue Pavlovian associations.  
The present research aimed at: (1) further investigating cerebellum-infralimbic functional 
relationships for the acquisition of cocaine-induced conditioned preference; and (2) 
proposing a functional model to explain the effects of the cerebellar lesion in cocaine-
conditioned memory. First, we addressed a tracing study using anterograde and retrograde 
tracers in order to build a working neuroanatomical model to explain our prior findings. 
Second, we assessed cFos expression in different regions of the medial prefrontal cortex 
and striatum after the neurotoxic lesion in the apical region of lobule VIII before 
conditioning. Finally, we explored if the cerebellar lesion might affect synaptic 




Twenty-two male Sprague-Dawley rats (Janvier, ST Berthevin Cedex, France) weighing 
between 175 and 200 g were individually housed under standard laboratory conditions, 
with controlled temperature and humidity (12-hour light cycle from 8:00 a.m. to 8:00 
p.m.) and access to food and water ad libitum (Jaume I University, Spain). Rats were 
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handled and habituated to all of the experimental procedures. All animal procedures were 
approved by the local Animal Welfare Ethics Committee and Empowered Body 
(2014/VSC/PEA/00208) and developed in accordance with the European Community 
Council Directive (2010/63/EU), Spanish directive BOE 34/11370/2013, and local 
directive DOGV 26/2010. 
Brain infusions and stereotactic surgery 
The animals were anesthetized using a cocktail of ketamine (100 mg/kg) (Imalgene 100 
mg/ml, Mersal Laboratorios S.A., Barcelona, Spain) and xylazine (10 mg/kg) (Xylazine 
hydrochloride ≥99%, Sigma-Aldrich, Madrid, Spain) (IP), and placed in a Kopf 
stereotaxic apparatus for the surgery. We use a stainless-steel guide cannula (10 mm 
length; 23-gauge external diameter) for the intracranial infusions. Infusions were released 
through a removable stainless-steel injector (length, 11 mm; external diameter, 30-gauge) 
inserted into the previously implanted guide cannula. 
For the anatomic study, retrograde and anterograde tracers were infused in different 
regions of the brain. As a retrograde tracer, we used FluoroGold with DAPI (FG) (5-
hydroxystilbamidine, Cat# 80014, Biotium, Hayward, CA) dissolved at 4% in destillated 
water. The anterograde tracing was accomplished using Biotinilated Dextranamine 
(BDA, 10,000 MW, Lysine Fixable, Cat# D1956, Molecular Probes, Eugene, OR) 
dissolved at 10% in PB 0.1M pH 7.4. The following coordinates were used: IL (AP: +3.2; 
ML: + 0.6/−0.6; DV: −5); VTA (AP: -5.2; ML: + 0.9/−0.9; DV: −8.3); lateral nucleus 
(Lat) (AP: -11.4; ML: + 3.6/−3.6; DV: −6.2); interpositus nucleus, anterior part (IntA) 
(AP: -11.3; ML: + 2.5/−2.5; DV: −5.8), posterior part (IntP) (AP: -11.7; ML: + 2.5/−2.5; 
DV: −6.2); medial nucleus (Med) (AP: -11.4; ML: + 1/−1; DV: −6.2); and the apical area 
of lobe VIII in the vermis (AP: −14.5; ML: 0; DV: −4.5) [40]. FG or BDA infusion 
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volumes were 0.5 µL in the IL and 0.3 µL in the rest of regions with an infusion ratio of 
0.2 µL /min. After infusions, the rats remained undisturbed for ten days before perfusion. 
 Quinolinic acid (QA) (90 nmol/µL) (2,3-Pyridinedicarboxylic acid, Sigma-Aldrich, 
Madrid, Spain) dissolved in phosphate buffered saline (PBS; 0.1 M pH 7.4) and infused  
into the dorsal region of lobe VIII in the vermis (0.5 µL volume; infusion ratio of 0.2 
µL/min) (AP: −14.5; ML: 0; DV: −4.5)  (40).  After infusion, the cannula remained in 
place for three minutes to allow for diffusion. The same procedure was implemented in 
the sham group by infusing PBS. After the surgery, all the animals received analgesic 
treatment with meloxicam (Metacam: 2 mg/kg, 5 mg/mL, Boehringer Ingelheim, 
Barcelona, Spain) for 24 hours for three days. Cannula locations were verified by Nissl 
immunostaining and camera lucida (Fig 1A). More detailed information can be found in 
(37).  
Cocaine-induced preference conditioning procedure  
The cocaine-induced conditioning procedure has been published previously (37). Briefly, 
conditioning was conducted using two equally preferred olfactory stimuli located in the 
walls of a black chamber (20 × 20 × 60 cm) at the opposite arms of a corridor. One of the 
odors acted as the conditioned stimulus (CS+) and was associated with an IP injection of 
cocaine hydrochloride (15 mg/kg, IP) (Alcaliber S.A., Madrid, Spain). On alternate days, 
rats were exposed to the other scent (CS−) placed at the opposite black chamber in the 
corridor and received 0.9% saline injections. During pairing sessions (15 minutes) 
animals remained confined in the chamber. A total of eight cocaine-paired sessions were 
conducted. The olfactory cues and locations in the corridor were counterbalanced 
between animals. Preference for the cocaine-related cue was evaluated 48 hours after the 
last cocaine administration in a 30-minute, drug-free test in which CS+ and CS− odors 
were present simultaneously but in opposite arms of the corridor. The first ten minutes 
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were not considered in order to allow the animal to explore the location of the odors, 
which was the opposite to the conditioning phase. The preference score was calculated as 
[Time Spent in CS+ / (Time Spent in CS+ + Time Spent in CS−)] × 100. Additionally, 
we included a pseudo-conditioning group (the Unp group) that was treated with the same 
number of cocaine injections but randomly associated with the olfactory stimuli. The Unp 
group allowed us to test for memory-related effects of our brain deactivations. Animals 
were perfused transcardially 90 minutes following the preference test. For perfusion, 
animals were deeply anesthetized and euthanized with an overdose of Nembutal (150 
mg/kg, i.p. Euthalender, Normon, Barcelona, Spain) and perfused by transcardial infusion 
with saline (250 ml) and fixative solution (4% formaldehyde in 0.1 M PB, pH 7.4). Brains 
were removed from the skull, postfixed in fixative solution overnight at 4ºC and 
cryoprotected in 30% sucrose in 0.01 M PBS, pH 7.4. 
Immunohistochemistry and immunofluorescence 
The brain tissue was frozen with liquid nitrogen, and sections were performed at 40 µm 
with a cryostat microtome (Microm HM560, Thermo Fisher Scientific, Barcelona, 
Spain). Eight series of tissue sections were collected and stored at −80 °C in a 
cryoprotectant solution.  
Immunolabeling was performed on free-floating sections. For cFos peroxidative 
immunostaining, tissue peroxidases were eliminated, and the brain tissue was incubated 
for 48 hours with a polyclonal primary antibody, rabbit anti-cFos (1:1000; Synaptic 
Systems, Goettingen, Germany), and then, for 120 minutes with an affinity purified 
secondary biotinylated antibody, goat anti-rabbit (1:400; Jackson InmunoResearch 
Laboratories, Inc., West Grove, PA, USA). For amplification, we used preassembled 
biotin–avidin peroxidase complex according to the Vector Labs recommendations (ABC 
Elite; Vector Laboratories, Bulingame, Ca, USA). Sections were exposed to a DAB 
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solution with nickel (Vector Laboratories, Bulingame, Ca, USA). Then the tissue was 
rinsed and mounted in Eukitt (Sigma-Aldrich, Madrid, Spain). For PNN analysis, 
fluorescence immunolabeling for Wisteria Floribunda Agglutinin (WFA), cFos, and 
parvalbumin (PRV) were used. Brain tissue was incubated with lectin from WFA (1:200; 
Sigma-Aldrich, Madrid, Spain), the polyclonal primary antibody, rabbit anti-cFos 
(1:1000; Synaptic Systems, Goettingen, Germany), and polyclonal mouse anti-PRV 
(1:15,000; Swant, Switzerland) at 4.0 °C for 48 hours in PBS 0.1M triton X-100 (PBST). 
In a second step, brain samples were exposed to FICT-Streptavidin (1:50; Jackson 
InmunoResearch Laboratories, Inc., West Grove, PA, USA) and goat anti-rabbit Cy5 
(1:200; Jackson InmunoResearch Laboratories, Inc., West Grove, PA, USA). VTA-DA 
projections were identified by Tyrosine Hydroxylase immunofluorescence (TH) (1:500; 
sheep anti-TH; Thermo Fisher Scientific, Rockford, IL, USA), and dopamine transporter 
immunolabelling (DAT) (1:200; rabbit anti-DAT; Bioss antibodies, Boston, 
Massachusetts, USA) was used to estimate dopaminergic activity in the mPFC. The 
anterograde tracer BDA was revealed by Cy3-conjugated Streptavidin (1:300; Jackson 
InmunoResearch Laboratories, Inc., West Grove, PA, USA). Immunolabeling for GABA 
vesicular transporter (VGAT) (1:100, polyclonal guinea pig anti-VGAT; Synaptic 
Systems, Goettingen, Germany), vesicular glutamate transporters (VGLUT2) (1:500, 
polyclonal guinea pig anti-VGLUT2; Synaptic Systems, Goettingen, Germany) and 
synapsin 1 (SYN) (1:200; mouse monoclonal anti-Syn 1; Synaptic Systems, Goettingen, 
Germany) was conducted to better describe synaptic contacts within the lateral nucleus 
and VTA in the anatomical study. All the sections were mounted with Mowiol 




Image acquisition and analysis 
Fluorescent images of the infusion locations and tracer diffusion were acquired as eight 
confocal stacked images using the tile-scan tool (Leica DMi8, Leica Microsystems CMS 
GmbH, Wetzlar, Germany) in order to obtain complete coronal sections in which ROIs 
were presented.  
Images of immunoperoxidase cFos expression were acquired using an optic microscope 
(Nikon E-800, Izasa Werfen Group, Valencia, Spain) with 20x lenses and a resolution of 
1,360 x 1,024 dpi. Three photos were taken by structure: Infralimbic (IL), Prelimbic (PL), 
dorsomedial striatum (DMS), dorsolateral striatum (DLS), ventrolateral striatum (VLS), 
nucleus accumbens core (NAcC) and shell (NAcSh)), and hemisphere in coronal sections. 
We included bregma coordinates between 3.20 mm to 2.20 mm for PL and IL, and for 
the striatum and NAc between 1.60 mm to 0.70 mm.  
Fluorescence images of cFos and PNNs were captured in the above-mentioned confocal 
microscope with 20x lenses and resolution 1,024 x 1,024 dpi Laser intensity (1.0%), gain 
(600) and offset (-4) remained constant in each analysis. Each image was formed by a 
stack of ten images. Image stacks were pre-processed applying a maximal projection 
process with Leica Application Suite LAS X (Leica Microsystems CMS GmbH, Wetzlar, 
Germany). Three image stacks in coronal sections for brain regions and in sagittal 
sections for deep cerebellar nuclei were acquired by structure and hemisphere.  
FIJI free software (41) was used for all quantifications. Unmodified images were used in 
all analyses. cFos expression was evaluated using the cell-counter plug-in of FIJI 
software. Additionally, PNN expression was estimated using a densitometry assessment 
of WFA intensity (brightness range 0-255) in all the PNNs that were found in three 
sections of each ROI (35, 42, 43).  
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Experimental design and statistics 
All statistical analyses were performed using GraphPad Prism 7 software (GraphPad 
Software Inc., La Jolla, CA, USA). One-way ANOVAs and Student t-tests for 
independent samples were carried out as parametric tests. Individual scores were 
provided for each variable. In addition, data were presented as mean ±SEM. Post hoc 
comparisons were performed using Tukey’s HSD tests. The statistical level of 
significance was set at p < 0.05. When non-parametric statistics was required Kruskal-
Wallis and Mann-Whitney-Wilcoxon tests were conducted and data were represented as 
the median.  
 
RESULTS 
Cocaine-induced conditioned preference 
In an earlier study, we showed that an excitotoxic lesion in the apical region (dorsal) of 
lobule VIII before conditioning facilitated cocaine-induced conditioned preference (37). 
Indeed, the whole sample of lesioned animals developed a preference for the cocaine-
related cue, as compared to only one third of the sham group. In the present study, we 
confirmed the results with the smaller sample of rats in which immunohistochemical 
studies were conducted (N=18) [the sham group (n = 6), the lesioned group (QA) (n = 6), 
and the pseudo-conditioned group (Unp) (n = 6)]. As expected, the cerebellar lesion 
promoted the acquisition of cocaine-induced conditioned preference [F (2,15) = 5.34, p 
= 0.0178]. Post hoc analysis revealed that the QA group showed significant higher 
preference that the sham (p = 0.0463) and Unp (p = 0.0235) groups. Remarkably, no 
difference was found between the sham and Unp groups (P = 0.9350). Therefore, the 
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neurotoxic lesion was ineffective in affecting the behavior of the Unp group, indicating 
that lesion effects were learning-related (Fig S1).  
Anterograde and retrograde tracing  
To propose a working neuroanatomical model that may explain behavioral effects of the 
lesion in the posterior vermis (37), we carried out an anatomical study using anterograde 
(BDA/red) and retrograde (FG/blue) tracers. Very recent findings pointed to a direct 
control of the cerebellum over the ventral tegmental area (9). Therefore, BDA was infused 
into the apical region of lobule VIII in the vermis (the same location as the excitotoxic 
lesion) and the Lat nucleus. In turn, we infused FG into the VTA and IL cortex. We 
searched for colocalization between BDA and FG within the VTA and Lat nucleus (n = 
3) (Figs 1-2; S2-S3).  
Despite the fact that the infusion point was restricted to lobule VIII in the vermis, BDA-
labeled projections were found throughout the whole vermis, but also the hemispheres, 
reaching Crus I (Fig. 1). However, the molecular layer along the cerebellar cortex was 
devoid of BDA labeling. BDA is an anterograde tracer that identifies only a neural 
projection from their source to their point of termination. Hence, one plausible 
explanation for these results is that Purkinje-to-Purkinje collaterals would have spread 
the tracer laterally from the middle line along the cerebellar cortex. Purkinje collateral 
branches originated within the parasagittal plane can reach 2.0 mm towards the apex of 
the granule cell layer and the base of the lobule in adult rodents (44). Importantly, these 
findings suggested that lobule VIII in the vermis might be interconnected with distal 
regions in the cerebellar cortex. As expected, we observed a great number of BDA-
labeled terminals within the deep cerebellar nuclei (DCN), especially within the medial 
nucleus, but also in the IntA; IntP and Lat nuclei (Fig. 1). 
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When infusing FG into the VTA, FG-labeled somata were found within the contralateral 
IntA, IntP, and Lat, but not in the Med (Fig. 1). We also observed some FG+ somata in 
mPFC and NAcSh, among other already described afferences to VTA, what replicated 
the results observed in other studies (45, 46). Then, this cerebellar afference to VTA was 
confirmed by infusing BDA into the Lat nucleus (Fig. 2). Unilateral BDA infusions into 
the Lat nucleus reached ipsilateral cerebellar hemisphere, lobule VIII and IX of the 
vermis, and contralateral parabrachial pigmented nucleus of the VTA (PBP), the most 
caudal part of the VTA (Fig. 2). At higher magnifications it was possible to observe in 
the Lat close putative contacts between Purkinje BDA+ terminals from lobule VIII and 
FG+ cerebellar cells retrogradely labeled from VTA tracer injection (Fig 1).  
Additionally, by infusing FG in the IL cortex and BDA in the Lat (n = 2), we observed 
close apposition between anterogradely labeled BDA fibers and retrogradely labeled FG 
neurons of the PBP (Fig 2; S2-S3). This finding supports the above-mentioned 
observations and pointed to the caudal VTA as an interface through which the cerebellum 
would regulate prefrontal activity and striatal function. Projections from the lateral 
nucleus seemed to be glutamatergic and contacted TH+ cells and TH- within the VTA 
(Fig. 2; S2-S3).  
A lesion in lobule VIII increases neural activity and PNNs expression in the lateral 
nucleus. 
Student’s t-tests revealed that the lesion of the vermis did not significantly change the 
cFos expression in the interpositus nucleus, either anterior (IntA) [t (10) = 1.48, p = 
0.1697] or posterior (IntP) [T (10) = 2.04, p = 0.069] (Fig. 2B). Neither PNN expression 
in the IntA (p = 0.3384) nor in the IntP (p = 0.5832) were affected by the lesion. Under 
control conditions, neural activity in the Lat nucleus and PNN expression seem to be 
lower than in the IP nucleus. However, it is remarkable that the lesion in the posterior 
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vermis increased cFos [t (10) = 2.59, p = 0.0266] and WFA intensity [t (10) = 2.61, p = 
0.0259] in the Lat (Fig. 3).   
A lesion of lobule VIII in the vermis increases neural activity and PNN expression in the 
medial prefrontal cortex. 
Then, we explored the impact of the cerebellar lesion on neural activity (cFos), DAT 
expression and PNN expression in the mPFC. As shown in figure 4, the cerebellar lesion 
increased cFos expression in both the IL [F (2,15) = 12.23, p = 0.0007] and PL [F (2,15) 
= 13.4, p = 0.0005] subdivisions of the mPFC. In the IL cortex, Tukey tests showed higher 
number of cFos+ neurons in the QA group as compared to the sham (p = 0.004) and Unp 
(p = 0.0009) groups. The number of cFos+ neurons also increased significantly in the PL 
region of the lesioned rats as compared to the sham (p = 0.0018) and Unp (p = 0.0008) 
groups. We did not observe significant differences in the expression of DAT in prefrontal 
regions among groups [IL: F (2,15) = 1.57, p = 0.2402; PL: [F (2,15) = 0.84, p = 0.4511] 
(Fig. 4S). 
The cerebellar lesion enhanced WFA intensity in PNNs around PRV positive 
interneurons either in the IL [F (2,15) = 18.03, p = 0.0001] or the PL [F (2,15) = 7.262, p 
= 0.0062] cortices. Post hoc tests indicated that prefrontal PNNs were stronger in lesioned 
animals as compared to the sham [IL (p = 0.0006); PL (p = 0.0108)] and Unp [IL (p = 
0.0002); PL (p = 0.0151)] groups (Fig. 4). The total number of PNNs in the mPFC was 
not affected by the cerebellar lesion [IL: F (2,15) = 0.24, p = 0.7897; PL: F (2,15) = 0.005, 
p = 0.9951] (Fig. 5S). However, the percentage of activated neurons (cFos+) surrounded 
by a PNN increased in the IL cortex [H (3) = 10.56, p = 0.0014] but not in the PL cortex 
[H (3) = 4.43, p = 0.1077]. Mann-Whitney tests revealed that such increase was an effect 
of the cerebellar lesion since lesioned rats showed higher number of interneurons positive 
for WFA and cFos than sham animals (p = 0.0449) or those of the Unp group (p = 0.0062) 
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(Fig. 5S). Moreover, the percentage of PRV positive interneurons that was activated and 
expressed a strong PNN (WFA+/PRV+/cFos+) increased after the lesion in the IL cortex 
[H (3) = 9.56, p = 0.0036] but not in the PL cortex [H (3) =1.17, p = 0.5782] (Fig. 5S).  
Higher neural activity in the NAc and striatum after the lesion of lobule VIII. 
Additionally, Student’s t-test for independent samples showed that the cerebellar 
lesion elevated cFos expression in the Nac, dorsomedial striatum (DMS) and 
dorsolateral striatum (DLS) as compared to the sham group [nucleus accumbens 
core (NAcC) (t (10) = 3.48, p = 0.0059); shell (NAcSh) (t (10) = 5.06, p = 0.0005); 
dorsomedial striatum (DMS) (t (10) = 2.68, p = 0.0233); and the dorsolateral 
striatum (DLS) (t (10) = 4.76, p = 0.0008)]. However, the ventrolateral striatum 




The present research is aimed at providing an explanatory model for the facilitative effect 
of a lesion in the dorsal region of the posterior vermis on cocaine-induced conditioned 
memory. First, we found a direct projection from the lateral nucleus to the VTA that also 
receives Purkinje axons from lobule VIII in the vermis. This pathway appears to be 
glutamatergic and contacts to dopaminergic and non-dopaminergic neurons within the 
VTA. Hypothetically, the activation of this DCN-VTA monosynaptic pathway could 
control activity of the cortico-striatal circuitry through dopaminergic and non-
dopaminergic mechanisms.  
Second, our findings indicate that damage in lobule VIII induces general disinhibition in the 
mPFC and striatal subdivisions that receive dopaminergic projections mainly from the VTA. To 
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estimate whether the cerebellar lesion might increase dopaminergic activity, we evaluated DAT 
expression in the mPFC. We observed high levels of DAT in the mPFC but, against our 
expectations, this expression was not affected by the lesion of the vermis. Nevertheless, the 
present results do not entirely rule out the possibility of increased VTA activity as an effect of the 
cerebellar lesion. All groups of rats were treated with the same cocaine regimen and thereby 
cocaine-induced DAT inhibition might occlude changes in VTA neuronal firing.   
The idea of a cerebellar modulation of VTA has been grounded in a few previous findings 
which described indirect cerebellar-VTA pathways (47, 48), as well as direct control of 
the cerebellum onto the VTA (9, 22). Indeed, the cerebellum could reach the VTA 
through the reticulotegmental and pedunculopontine nuclei (47) and the mediodorsal and 
ventrolateral thalamus (48). More importantly, there is a direct cerebellar-VTA pathway 
(22), whose functional properties have been recently delineated in an elegant study (9). 
The optogenetic stimulation of the cerebellar-VTA pathway increases firing in one third 
of VTA neurons in vivo, eliciting excitatory synaptic currents, and inducing strong place 
preference for the location in which mice receive the optogenetic stimulation of the 
cerebellar projection (9). Moreover, the optogenetic stimulation of the cerebellar axons 
is as rewarding as the direct optogenetic activation of dopaminergic neurons in the VTA 
(9).  
Third, our results also show that impairment of the posterior vermis induces an 
upregulation of PNN expression, as revealed by WFA fluorescence and higher levels of 
activity around parvalbumin positive interneurons in the mPFC. The fact that a small 
lesion in the posterior vermis is able to induce increased PNNs in the mPFC is remarkable. 
PNNs have been proposed as one of the mechanisms for the stabilization of drug-induced 
memories (36). Interestingly, previous findings demonstrate that both drug-induced 
conditioned preference (35) and drug self-administration (49-51) increase PNN 
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expression in the cerebellum and different prefrontal areas, respectively. Furthermore, 
PNN digestion within the PL cortex (50) and the anterior lateral hypothalamus (49) 
prevented the expression of cocaine-induced conditioned place preference and cocaine 
self-administration. The present data suggest that the cerebellar lesion could facilitate the 
acquisition of cocaine-cue associations and strengthen drug-induced memories by 
increasing synaptic stabilization mechanisms in the mPFC.  
To our mind, the major contribution of the present research is to propose an explanatory 
hypothetical model for the function of the posterior cerebellar vermis on drug-related 
memory. In this model that integrate our results with those previously published (9), 
damage of the posterior dorsal vermis would release striatum-cortical networks from the 
inhibitory tonic control exerted by the cerebellum over the VTA, thereby promoting drug 
conditioning (Figure 6). The model may help to explain why patients with lesions or 
diseases affecting the posterior cerebellum presented difficulties in controlling their 
behavior and emotions (52). Moreover, our model predicts that the stimulation of the 
posterior cerebellar vermis would reduce drug-related effects and improve behavioral 
inhibition (Figure 6). Nevertheless, one crucial question for future research is to establish 
which functional characteristics and connectivity patterns make the dorsal region of 
lobule VIII in the vermis of special relevance to regulate DCN outputs to the VTA.  
In summary, the present results indicate that: (1) the posterior cerebellar cortex may exert 
inhibitory control over the striatum and mPFC; (2) the Lat nucleus is the main efferent 
pathway relaying the cerebellar cortex processing to modulate activity and plasticity in 
the prefrontal-striatal network; and (3) the VTA could be a candidate to mediate 
cerebellar modulation on activity and plasticity in prefrontal-striatal loops that in turn can 
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Figure 1. Synaptic connectivity in the Lat Nucleus between Purkinje terminals from 
lobule VIII and somas of projection neurons to the VTA Top panels: infusion points 
of FG into the VTA (left, blue) and BDA into the apical region of the vermis (right, red). 
BDA diffusion was found not only in the vermis but also throughout the hemispheres. 
Colocalization was only seen within the IntA and Lat nuclei. Bottom panels: A coronal 
section of the lateral nucleus (Lat) in which a synaptic contact between a Purkinje 
terminal from lobule VIII of the vermis (BDA+) and one output neuron in the Lat (FG+) 
is shown. White arrows indicate the FG+ soma and the BDA+ terminal. Purkinje puncta 
was identified by calbindin (CALB/green) and the GABA vesicular transporter 
(VGAT/purple). All confocal images were taken at 40x with 2.5x zoom. Scale bar 10 µm. 
Right top panel: Digital amplification of 300x.  
Figure 2. Putative synaptic contacts between neurons from the Lateral Nucleus and 
TH+ somas in the VTA projecting to The IL cortex Top panels: Infusion points of FG 
into the IL cortex (left, blue) and BDA into the lateral nucleus (right, red). Colocalization 
was observed within the contralateral parabrachial pigmented nucleus of the VTA (PBP). 
Bottom panels: White arrows point at an example of close apposition between the 
terminal of a projection neuron from the Lat nucleus (BDA+) and one dopamine neuron 
in the VTA (FG+) identified as expressing tyrosine hydroxylase (TH/green). Vesicular 
glutamate transporter (VGLUT2/purple) was identified in the BDA+ puncta. All confocal 
images were taken at 40x with 2.5x zoom. Scale bar of 10 µm. Right top panel: Digital 
amplification of 300x.  
Figure 3. Effect of an excitotoxic lesion in lobule VIII on cFos and PNN expression 
in the DCN cFos expression in the interpositus anterior (IntA) (A), posterior (IntP) (B), 
and in the lateral nucleus (Lat) nuclei (C). PNN expression in the IntA (D), IntP (E), and 
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in the Lat nucleus (F). The cerebellar lesion increased cFos and PNN expression in the 
Lat nucleus (n=6) as compared to the sham group (n = 6). Data are shown as mean ± 
SEM. Scatterplots were overlapped for each group (*p < 0.05). All confocal images were 
taken at 20x magnification. Scale bar 100 µm. 
Figure 4. Effect of an excitotoxic lesion in lobule VIII of the vermis on cFos and PNN 
expression in the mPFC (A) Diagrams of the cannula locations. Schematic diagrams 
depicting the largest (grey) and smallest (black) diffusion areas in the apical region of 
lobule VIII in the vermis. The extent of the diffusion areas was assessed using light 
microscopy and camera lucida drawings. The cerebellar lesion was made before cocaine-
induced conditioning training. Effect on cFos expression in (B) IL and (C) PL for the 
control (Sham) (n = 6), quinolinic acid (QA) (n = 6), and unpaired (Unp) (n = 6) groups. 
WFA intensity in PNNs in the IL (D) and PL (E) cortices for the Sham (n = 6), QA (n = 
6), and Unp groups (n = 6). Right panels, representative microphotographs of cFos and 
PNNs (WFA+, red) in the IL and PL cortex. The cerebellar lesion increased cFos and 
PNN expression in both subdivisions of the mPFC. The lesion was ineffective in 
producing both effects when cocaine was randomly associated with the odor cues (Unp). 
Data are shown as mean ± SEM and individual scores (*p < 0.05; **p < 0.01; ***p < 
0.001). All images on the right panels were taken at 20x magnification. Scale bar 100 µm. 
Figure 5. Effect of an excitotoxic lesion in lobule VIII on cFos expression in several 
striatal regions and the nucleus accumbens Dorsomedial striatum (DMS), 
dorsolateral striatum (DLS), ventrolateral striatum (VLS), nucleus accumbens core 
(NAcC) and nucleus accumbens shell (NAcSh). Data are shown as mean ± SEM of the 
sham (n = 6) and QA groups (n = 6).  The cerebellar lesion increased cFos expression in 
DMS, DLS, NAcC and NAcSh, but not in the VLS (*p < 0.05; ***p < 0.001). All 
images were taken at 20x magnification. Scale bar 100 µm.  
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Figure 6. A hypothetical neuroanatomical model for role of lobule VIII on drug-
related memory. Left panel: The lesion of lobule VIII by increasing activity in the lateral 
nucleus might heighten glutamate release within the VTA and facilitate the release of DA 
in mPFC and striatal regions. The lesion would then release striatum-cortical networks 
from the inhibitory tonic control exerted by the cerebellar cortex over the VTA through 
the Lat Nucleus thereby promoting drug effects. Right panel: The model predicts that the 
stimulation of the posterior cerebellar vermis would reduce drug-related effects and 
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Figure S1 Effect of a lesion in the apical region of lobule VIII on cocaine-induced 
conditioned preference. Quinolinic acid lesion were made before conditioning. Lesion 
Preference scores for the CS+ on the test day in the sham (n = 6), QA lesion (QA) (n = 6) 
and unpaired (Unp) (n = 6) groups. The QA lesion increased the proportion of rats that 
expressed cocaine-induced conditioned preference. Data are shown as individual 
preference scores overlaid mean ± SEM (*P < 0.05) 
 
Figure S2 Infusions of BDA in the Lat nucleus (red) and FG in the IL cortex (blue). 
A coronal section of the VTA. White arrows indicate an example of a synaptic contact 
between the axon of a projection neuron from the Lat nucleus (BDA+) and one TH-
neuron in the VTA (FG+) expressing VGLUT. All confocal images were taken a 40x and 
2.5x zoom in a. Scale bar of 10 µm. Right panels: Digital amplification of 300x.  
 
Figure S3 Infusions of BDA in the Lat nucleus (red) and FG in the IL cortex (blue). 
A coronal section of the VTA. White arrows indicate an example of a synaptic contact 
between the axon of a projection neuron from the Lat nucleus (BDA+) and one TH+ 
neuron (green) in the VTA (FG+) expressing Synapsin 1 in the presynaptic puncta 
(SYN/purple). All confocal images were taken a 40x and 2.5x zoom in a. Scale bar of 10 
µm. Right panels: Digital amplification of 300x.  
 
Figure S4 Effect of an excitotoxic lesion in lobule VIII on DAT expression. IL (A)  
PL (B). Dopaminergic terminals were identified as TH+. Data are shown as mean ± SEM 
of the sham (n = 6), QA (n = 6) and Unp (n = 6) groups. DAT expression did not change 
as an effect of the cerebellar lesion. All images were taken at 20x magnification. Scale 
bar 100 µm.  
 
Figure S5 Perineuronal net expression in the mPFC after the cerebellar lesion. Top 
panels: Number of PNNs and PRV+ neurons in the IL (A-B) and PL (C-D) cortices. 
Bottom panels: Percentage of PRV+ (blue) activated (cFos+) (red) neurons that expressed 
a PNN (green) in the IL (E-F) and PL (G-H) cortices. Data are shown as median of the 
sham (n = 6), QA (n = 6) and Unp (n = 6) groups. The cerebellar lesion increased the 
number of activated GABA interneurons (PRV+) surrounding by a strong PNN.  All 
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